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ACSF

:   artificial cerebrospinal fluid

ANOVA

:   analysis of variance

CPG

:   (S)‐4‐carboxyphenylglycine

CPPG

:   (RS)‐α‐cyclopropyl‐4‐phosphonophenyl glycine

fDMEM

:   Dulbecco\'s modified Eagle\'s medium containing 10% fetal calf serum

III‐mGluR

:   group III metabotropic glutamate receptor

II‐mGluR

:   group II metabotropic glutamate receptor

LME

:   linear mixed effects model

MDTN

:   mediodorsal thalamic nucleus

MEM

:   memantine

mGluR

:   metabotropic‐glutamate receptors

mPFC

:   medial prefrontal cortex

MRS

:   modified Ringer\'s solution

MUS

:   muscimol

NAC

:   N‐acetyl‐[l]{.smallcaps}‐cysteine

NMDAR

:   N‐methyl [d]{.smallcaps}‐aspartate receptor

RTN

:   reticular thalamic nucleus

Sxc

:   system cysteine/glutamate antiporter

UHPLC

:   ultra‐high‐performance liquid chromatography

1. INTRODUCTION {#prp2457-sec-0001}
===============

Abnormalities of glutamatergic transmission play widely accepted roles in the pathophysiology of schizophrenia, as indicated by the induction of schizophrenia‐like positive and negative symptoms following treatments of healthy volunteers with N‐methyl [d]{.smallcaps}‐aspartate receptor (NMDAR) antagonists such as phencyclidine and ketamine,[1](#prp2457-bib-0001){ref-type="ref"} and the exacerbation of psychosis in patients with schizophrenia.[2](#prp2457-bib-0002){ref-type="ref"} Moreover, NMDAR antagonist‐induced psychosis models exhibit features of schizophrenia, such as negative symptoms and cognitive deficits, more accurately than amphetamine/dopamine psychosis models.[3](#prp2457-bib-0003){ref-type="ref"} Based on these clinical and preclinical evidences, hypo‐glutamatergic transmission via NMDAR inhibition is sufficient to produce a schizophrenia‐like state. A meta‐analysis of NMDAR agonists as adjunctive therapies for schizophrenia accordingly showed that NMDAR agonists are superior to placebo in terms of overall and negative symptoms.[4](#prp2457-bib-0004){ref-type="ref"} In contrast with NMDAR agonists, the NMDAR antagonists amantadine and memantine (MEM) improved cognitive impairments of schizophrenia according to another meta‐analysis,[5](#prp2457-bib-0005){ref-type="ref"} and adjuvant medication with MEM and antipsychotics was effective on positive, negative, and cognitive symptoms in schizophrenia.[6](#prp2457-bib-0006){ref-type="ref"}, [7](#prp2457-bib-0007){ref-type="ref"} Other clinical studies demonstrate clinical benefits of MEM against several psychiatric disorders, including mood and anxiety disorders and schizophrenia.[8](#prp2457-bib-0008){ref-type="ref"}

The mechanisms behind the clinical discrepancies between psychotomimetic NMDAR antagonists and MEM remain poorly understood. Although MEM is predominantly considered a NMDAR inhibitor,[9](#prp2457-bib-0009){ref-type="ref"} other pharmacological studies show that MEM inhibits 5‐HT3, nicotinic α7, α4β2 receptors, monoamine oxidases, and transporters of serotonin and dopamine.[8](#prp2457-bib-0008){ref-type="ref"}, [9](#prp2457-bib-0009){ref-type="ref"}, [10](#prp2457-bib-0010){ref-type="ref"} Preclinical studies similarly show attenuation of methylmercury‐induced neurotoxicity by MEM, involving NMDAR antagonist and indirect antioxidant activities, and likely inhibition of the reduction of nonenzymatic (nonprotein sulfhydryl) and enzymatic (superoxide dismutase and glutathione peroxidase) antioxidants.[11](#prp2457-bib-0011){ref-type="ref"} Glutathione is synthesized by glutamate‐cysteine ligase and glutathione synthase from cysteine, which is transported through the cystine/glutamate antiporter system xc^−^ (Sxc).[12](#prp2457-bib-0012){ref-type="ref"} MEM also had neuroprotective effects in patients with ischemic stroke[13](#prp2457-bib-0013){ref-type="ref"} and quantitative proteomic analyses demonstrated that phencyclidine upregulated phosphorylation of the light chain of Sxc in the prefrontal cortex of rats, although the related kinase was not identified.[14](#prp2457-bib-0014){ref-type="ref"}

Based on these clinical and preclinical studies, we investigated the antipsychotic mechanisms of MEM with a special focus on the mPFC hyper‐glutamatergic hypothesis of schizophrenia. For this purpose, we (1) determined the effects of MK801 and MEM following local administrations of the mediodorsal thalamic nucleus (MDTN) and the mPFC on thalamocortical (from MDTN to mPFC) transmission, including release of [l]{.smallcaps}‐glutamate and GABA. Furthermore, we (2) demonstrated interactions between MEM, MK801, Sxc, metabotropic glutamate receptor (mGluR), and GABA~A~ receptor on thalamocortical transmission. These two studies were generated in analyses of thalamocortical glutamatergic transmission using dual‐probe microdialysis experiments in freely moving rats with ultra‐high‐performance liquid chromatography (UHPLC). We then (3) determined the effects of MK801 and MEM on Sxc activity using primary cultured astrocytes.

2. MATERIALS AND METHODS {#prp2457-sec-0002}
========================

2.1. Chemical agents {#prp2457-sec-0003}
--------------------

NMDAR antagonist, MK801,[15](#prp2457-bib-0015){ref-type="ref"} memantine (MEM), cysteine prodrug, N‐acetyl‐[l]{.smallcaps}‐cysteine (NAC),[16](#prp2457-bib-0016){ref-type="ref"} and the GABA~A~ receptor agonist, muscimol (MUS)[15](#prp2457-bib-0015){ref-type="ref"} were obtained from Wako Chemicals (Osaka, Japan). The II‐mGluR antagonist LY341495,[17](#prp2457-bib-0017){ref-type="ref"} the III‐mGluR antagonist (RS)‐α‐cyclopropyl‐4‐phosphonophenyl glycine (CPPG),[17](#prp2457-bib-0017){ref-type="ref"} and the Sxc inhibitor (S)‐4‐carboxyphenylglycine (CPG)[18](#prp2457-bib-0018){ref-type="ref"} were purchased from Tocris Bioscience (Bristol, UK).

All compounds were prepared on the day of experiments. MK801, MEM, CPPG, CPG, NAC, and MUS were dissolved in modified Ringer\'s solution (MRS) or artificial cerebrospinal fluid (ACSF). LY341495 was initially dissolved in 10 mmol L^−1^ dimethyl sulfoxide and was then diluted to 1 mmol L^−1^ in MRS. The final concentrations of LY341495 and dimethyl sulfoxide were 1 μmol L^−1^ and 0.1% (vol vol^−1^), respectively.

MRS contained 145 mmol L^−1^ Na^+^, 2.7 mmol L^−1^ K^+^, 1.2 mmol L^−1^ Ca^2+^, 1.0 mmol L^−1^ Mg^2+^, and 154.4 mmol L^−1^ Cl^−^. The pH was adjusted to 7.4 using 2 mmol L^−1^ phosphate buffer and 1.1 mmol L^−1^ Tris buffer.[19](#prp2457-bib-0019){ref-type="ref"}, [20](#prp2457-bib-0020){ref-type="ref"} ACSF contained 130 mmol L^−1^ NaCl, 5.4 mmol L^−1^ KCl, 1.8 mmol L^−1^ CaCl~2~, 1 mmol L^−1^ MgCl~2~, and 5.5 mmol L^−1^ glucose and was buffered to pH 7.3 using 20 mmol L^−1^ HEPES.

2.2. Preparation of the microdialysis system {#prp2457-sec-0004}
--------------------------------------------

All animal care and experimental procedures were performed in compliance with the Ethical Guidelines established by the Institutional Animal Care and Use Committee at Mie University (No. 29‐22). All studies involving animals are reported in accordance with the ARRIVE guidelines for reporting animal experiments[21](#prp2457-bib-0021){ref-type="ref"} and a total of 210 rats were used.

Male Sprague‐Dawley rats of 225‐275 g and 7‐8 weeks of age (SLC, Shizuoka, Japan) were maintained in a controlled environment (22  ±  1°C) with a 12 hour dark/12 hour light cycle. All rats were weighed prior to the start of experiments. Rats were anesthetized with 1.8% isoflurane and were then placed in a stereotaxic frame for 1 hour. Concentric direct insertion type dialysis probes were implanted in the mPFC (*A* = +3.2 mm, *L* = +0.8 mm, *V* = −5.2 mm, relative to bregma; 0.22 mm diameter, 3 mm exposed membrane: Eicom, Kyoto, Japan) and the MDTN (*A* = −3.0 mm, *L* = +0.9 mm, *V* = −6.2 mm, relative to bregma; 0.22 mm diameter, 2 mm exposed membrane: Eicom).[22](#prp2457-bib-0022){ref-type="ref"} Following surgery, rats were housed individually in cages during recovery and experiments, and were provided food and water ad libitum.

Perfusion experiments were started after 18 hours recovery from isoflurane anesthesia.[19](#prp2457-bib-0019){ref-type="ref"}, [20](#prp2457-bib-0020){ref-type="ref"} Rats were placed into a system for freely moving animals (EICOM) that was equipped with a two‐channel swivel (TCS2‐23; ALS, Tokyo, Japan). The perfusion rate was set at 2 μL min^−1^ in all experiments with MRS.[19](#prp2457-bib-0019){ref-type="ref"}, [20](#prp2457-bib-0020){ref-type="ref"} Dialysates were collected every 20 minutes. Extracellular levels of [l]{.smallcaps}‐glutamate and GABA were measured at 8 hours after starting the perfusion. Microdialysis experiments were performed with awake and freely moving rats. To determine the effects of test agents, perfusion media was switched from MRS to MRS containing target agents. Dialysates were then injected into the UHPLC apparatus. After microdialysis experiments, brains were removed following cervical dislocation under overdose isoflurane anesthesia. Locations of dialysis probes were verified in histological examinations using 100 μm thick brain tissue slices (Vibratome 1000, Technical Products International INC, St. Louis, MO).

2.3. Microdialysis study design {#prp2457-sec-0005}
-------------------------------

Rats were randomly assigned to treatment in each experimental design. The microdialysis experiments in this study were composed of eight experimental designs. After stabilization of levels of [l]{.smallcaps}‐glutamate and GABA, dialysate was collected for 60 minutes as pretreatment periods of MK801 or MEM, and for 180 minutes as post‐administration periods of MK801 or MEM. The concentration of each agent was mainly prepared using a protocol from previous reports.[23](#prp2457-bib-0023){ref-type="ref"}, [24](#prp2457-bib-0024){ref-type="ref"}, [25](#prp2457-bib-0025){ref-type="ref"}

### 2.3.1. Study‐1 {#prp2457-sec-0006}

To determine the concentration‐dependent effects of local administrations of MK801 (5 and 50 μmol L^−1^) and MEM (3 and 10 μmol L^−1^) into the mPFC on extracellular levels of glutamate and GABA in the mPFC, mPFC perfusate was switched from MRS to MRS containing MK801 or MEM (Figure [1](#prp2457-fig-0001){ref-type="fig"}).

![A and C, indicate comparison of concentration‐dependent effects of perfusion with MK801 (5 and 50 μmol L^−1^) and MEM (3 and 10 μmol L^−1^) into mPFC on releases of glutamate and GABA in mPFC, respectively. Black bars indicate the perfusion with MK801 and MEM into the mPFC. Microdialysis was conducted to measure the releases of [l]{.smallcaps}‐glutamate and GABA. In (A and C), ordinates: mean ± SD (n = 6) of extracellular levels of glutamate and GABA (μmol L^−1^), abscissa: time after administration of MK801 or MEM (min). B and D, indicate the AUC value of extracellular levels of glutamate and GABA (nmol) during perfusion with MK801 or MEM (from 0 to 180 minutes) of (A and C), respectively. \**P* \< 0.05; relative to control (black) by LME with Tukey\'s post hoc test](PRP2-7-e00457-g001){#prp2457-fig-0001}

### 2.3.2. Study‐2 {#prp2457-sec-0007}

To determine the concentration‐dependent effects of local administrations of MK801 (5 and 50 μmol L^−1^) and MEM (3 and 10 μmol L^−1^) into MDTN on extracellular levels of glutamate and GABA in MDTN and mPFC, MDTN perfusate was switched from MRS to MRS containing MK801 or MEM (Figure [2](#prp2457-fig-0002){ref-type="fig"}).

![A, C, E, G, indicate comparison of concentration‐dependent effects of perfusion with MK801 (5 and 50 μmol L^−1^) and MEM (3 and 10 μmol L^−1^) into the MDTN on releases of glutamate in the MDTN,GABA in the MDTN, glutamate in the mPFC, and GABA in the mPFC, respectively. Gray bars indicate the perfusion with MK801 and MEM into the MDTN. Microdialysis was conducted to measure the releases of [l]{.smallcaps}‐glutamate and GABA. In (A, C, E, and G), ordinates: mean ± SD (n = 6) of extracellular levels of glutamate and GABA (μmol L^−1^), abscissa: time after administration of MK801 or MEM (min). (B, D, F, and H) indicate the AUC value of extracellular levels of glutamate and GABA (nmol) during perfusion with MK801 or MEM (from 0 to 180 minutes) of (A, C, E, and G), respectively. \**P* \< 0.05; relative to control (black) by LME with Tukey\'s post hoc test](PRP2-7-e00457-g002){#prp2457-fig-0002}

### 2.3.3. Study‐3 {#prp2457-sec-0008}

To clarify the mechanisms of the increase in glutamate level in mPFC (mPFC MK801‐induced glutamate rise) and the decrease in GABA level in MDTN (MDTN MK801‐induced GABA reduction) induced by perfusion with 50 μmol L^−1^ MK801 into MDTN, MDTN perfusate was switched from MRS containing 1 mmol L^−1^ NAC, 1 μmol L^−1^ CPG, 1 μmol L^−1^ LY341495, 100 μmol L^−1^ CPPG, or 1 μmol L^−1^ MUS to MRS containing the same agent with 50 μmol L^−1^ MK801 (Figure [3](#prp2457-fig-0003){ref-type="fig"}).

![A, C, and E, indicate interaction among perfusions with NAC (1 mmol L^−1^), CPG (1 μmol L^−1^), LY341495 (1 μmol L^−1^), CPPG (100 μmol L^−1^), MUS (1 μmol L^−1^), and MK801 (50 μmol L^−1^) into the MDTN on releases of glutamate in the mPFC, glutamate in the MDTN, and GABA in the MDTN, respectively. Gray bars indicate the perfusion with NAC,CPG,LY341495, CPPG, and MUS, and open bars indicate perfusion with MK801into the MDTN. Microdialysis was conducted to measure the releases of [l]{.smallcaps}‐glutamate and GABA. In (A, C, and F), ordinates: mean ± SD (n = 6) of extracellular levels of glutamate and GABA (μmol L^−1^), abscissa: time after administration of MK801 (minutes). B, D, and F, indicate the AUC value of extracellular levels of glutamate and GABA (nmol) during perfusion with MK801 (from 0 to 180 minutes) of (A, C, and F), respectively. Especially, gray columns of (D) indicate the AUC values of basal extracellular glutamate level of (C). \**P* \< 0.05; relative to MK801 alone (black) by LME with Tukey\'s post hoc test. ^\#^ *P* \< 0.05; relative to levels of MK801 pre‐perfusion of control by LME with Tukey\'s post hoc test](PRP2-7-e00457-g003){#prp2457-fig-0003}

### 2.3.4. Study‐4 {#prp2457-sec-0009}

To clarify the mechanisms of mPFC MK801‐induced glutamate rise, MDTN perfusate was switched to MRS containing 50 μmol L^−1^ MK801, during perfusion with 1 mmol L^−1^ NAC, 1 μmol L^−1^ CPG, 1 μmol L^−1^ LY341495, 100 μmol L^−1^ CPPG, or 1 μmol L^−1^ MUS into the mPFC (Figure [4](#prp2457-fig-0004){ref-type="fig"}).

![A, indicates effects of perfusions with NAC (1 m mol L^−1^), CPG (1 μmol L^−1^), LY341495 (1 μmol L^−1^), CPPG (100 μmol L^−1^), and MUS (1 μmol L^−1^) into the mPFC on mPFC MK801‐induced glutamate rise. Black bar indicates the perfusion with NAC,CPG,LY341495, CPPG, and MUS into the mPFC, and open bar indicates perfusion with MK801 into the MDTN. Microdialysis was conducted to measure the releases of [l]{.smallcaps}‐glutamate and GABA. In (A), ordinate: mean ± SD (n = 6) of extracellular levels of glutamate (μmol L^−1^), abscissa: time after administration of MK801 (minutes). B, indicates the AUC value of extracellular levels of glutamate (nmol) during perfusion with MK801 (from 0 to 180 minutes) of (A). \**P* \< 0.05; relative to MK801 alone (black) by LME with Tukey\'s post hoc test](PRP2-7-e00457-g004){#prp2457-fig-0004}

### 2.3.5. Study‐5 {#prp2457-sec-0010}

To clarify the mechanisms of the increase in glutamate level in MDTN induced by perfusion with 10 μmol L^−1^ MEM into MDTN (MDTN MEM‐induced glutamate rise), MDTN perfusate was switched from MRS containing 1 mmol L^−1^ NAC, 1 μmol L^−1^ CPG, 1 μmol L^−1^ LY341495, 100 μmol L^−1^ CPPG, or 1 μmol L^−1^ MUS to MRS containing the same agent with 10 μmol L^−1^ MEM (Figure [5](#prp2457-fig-0005){ref-type="fig"}).

![A and C, indicate interaction between perfusions with NAC (1 mmol L^−1^), CPG (1 μmol L^−1^), LY341495 (1 μmol L^−1^), CPPG (100 μmol L^−1^), MUS (1 μmol L^−1^) into MDTN, and MEM (10 μmol L^−1^) into the MDTN on releases of glutamate and GABA in the MDTN, respectively. Gray bars indicate the perfusion with NAC,CPG,LY341495, CPPG, and MUS, and open bars indicate perfusion with MEM into the MDTN. Microdialysis was conducted to measure the releases of [l]{.smallcaps}‐glutamate and GABA. In (A and C), ordinates: mean ± SD (n = 6) of extracellular levels of glutamate and GABA (μmol L^−1^), abscissa: time after administration of MEM (min). B and D, indicate the AUC value of extracellular levels of glutamate and GABA (nmol) during perfusion with MEM (from 0 to 180 minutes) of (A and C), respectively. \**P* \< 0.05; relative to MEM alone (black) by LME with Tukey\'s post hoc test](PRP2-7-e00457-g005){#prp2457-fig-0005}

### 2.3.6. Study‐6 {#prp2457-sec-0011}

To clarify the mechanisms of the increase in glutamate level in mPFC induced by perfusion with 10 μmol L^−1^ MEM into mPFC (mPFC MEM‐induced glutamate rise), mPFC perfusate was switched from MRS containing 1 mmol L^−1^ NAC, 1 μmol L^−1^ CPG, 1 μmol L^−1^ LY341495, 100 μmol L^−1^ CPPG, or 1 μmol L^−1^ MUS to MRS containing the same agent with 10 μmol L^−1^ MEM (Figure [6](#prp2457-fig-0006){ref-type="fig"}).

![A indicates effects of perfusions with NAC (1 mmol L^−1^), CPG (1 μmol L^−1^), LY341495 (1 μmol L^−1^), CPPG (100 μmol L^−1^), and MUS (1 μmol L^−1^) into the mPFC on mPFC MEM‐induced glutamate rise. Black bar indicates the perfusion with NAC,CPG,LY341495, CPPG, and MUS into the mPFC, and open bar indicates perfusion with MEM (10 μmol L^−1^) into the mPFC. Microdialysis was conducted to measure the releases of glutamate. In (A), ordinate: mean ± SD (n = 6) of extracellular levels of glutamate (μmol L^−1^), abscissa: time after administration of MEM (minute). B, indicates the AUC value of extracellular levels of glutamate (nmol) during perfusion with MEM (from 0 to 180 minutes) of (A). Gray columns indicate the AUC values of basal glutamate release of (A). \**P* \< 0.05; relative to MEM alone (black) by LME with Tukey\'s post hoc test. ^\#^ *P* \< 0.05; relative to levels of MEM pre‐perfusion of control by LME with Tukey\'s post hoc test](PRP2-7-e00457-g006){#prp2457-fig-0006}

### 2.3.7. Study‐7 {#prp2457-sec-0012}

To determine the interaction among MEM and Sxc, II‐mGluR, and III‐mGluR in MDTN on mPFC MK801‐induced glutamate rise and MDTN MK801‐induced GABA reduction, MDTN perfusate was switched from MRS containing 10 μmol L^−1^ MEM, 10 μmol L^−1^ MEM plus 1 μmol L^−1^ CPG, 1 μmol L^−1^ LY341495, or 100 μmol L^−1^ CPPG to MRS containing the same agent with 50 μmol L^−1^ MK801 (Figure [7](#prp2457-fig-0007){ref-type="fig"}).

![(A and B) indicate interaction between perfusion with 10 μmol L^−1^ MEM and 1 mmol L^−1^ NAC, 1 μmol L^−1^ CPG, 1 μmol L^−1^ LY341495, 100 μmol L^−1^ CPPG into the MDTN on mPFC MK801‐induced glutamate rise, and MDTN MK801‐induced GABA reduction, respectively. Microdialysis was conducted to measure the release of glutamate in the mPFC and GABA in the MDTN. Ordinates: mean ± SD (n = 6) of extracellular levels of [l]{.smallcaps}‐glutamate and GABA (μmol L^−1^), abscissa: time after administration of MK801 (minute). Opened bars: perfusion of 50 μmol L^−1^ MK801 into the MDTN. Gray bars: perfusion of 10 μmol L^−1^ MEM or 10 μmol L^−1^ MEM plus 1 mmol L^−1^ NAC, 1 μmol L^−1^ CPG, 1 μmol L^−1^ LY341495, and 100 μmol L^−1^ CPPG into the MDTN. B and D, indicate the AUC value of extracellular levels of glutamate and GABA (nmol) during perfusion with MK801 (from 0 to 180 minutes) of (A and C), respectively. \**P* \< 0.05; relative to MK801 alone (black), and ^\#^ *P* \< 0.05; relative to MK801 plus MEM by LME with Tukey\'s post hoc test](PRP2-7-e00457-g007){#prp2457-fig-0007}

### 2.3.8. Study‐8 {#prp2457-sec-0013}

To determine the interaction among MEM and Sxc, II‐mGluR, and III‐mGluR in mPFC on mPFC MK801‐induced glutamate rise, MDTN perfusate was switched from MRS to MRS containing 50 μmol L^−1^ MK801, during perfusion with 10 μmol L^−1^ MEM, 10 μmol L^−1^ MEM plus 1 μmol L^−1^ CPG, 1 μmol L^−1^ LY341495, or 100 μmol L^−1^ CPPG (Figure [8](#prp2457-fig-0008){ref-type="fig"}).

![(A) indicates interaction between perfusion of 10 μmol L^−1^ MEM and 1 mmol L^−1^ NAC, 1 μmol L^−1^ CPG, 1 μmol L^−1^ LY341495, 100 μmol L^−1^ CPPG into the mPFC on mPFC MK801‐induced glutamate rise. Microdialysis was conducted to measure the release of glutamate in mPFC. Ordinates: mean ± SD (n = 6) of extracellular levels of [l]{.smallcaps}‐glutamate (μmol L^−1^), abscissa: time after administration of MK801 (minute). Opened bars: perfusion of 50 μmol L^−1^ MK801 into the MDTN. Closed bars: perfusion of 10 μmol L^−1^ MEM or 10 μmol L^−1^ MEM plus 1 mmol L^−1^ NAC, 1 μmol L^−1^ CPG, 1 μmol L^−1^ LY341495, and 100 μmol L^−1^ CPPG into the mPFC. B, indicates the AUC value of extracellular levels of glutamate (nmol) during perfusion with MK801 (from 0 to 180 minutes) of (A). \**P* \< 0.05; relative to MK801 alone (black), and ^\#^ *P* \< 0.05; relative to MK801 plus MEM by LME with Tukey\'s post hoc test](PRP2-7-e00457-g008){#prp2457-fig-0008}

2.4. Primary astrocyte culture {#prp2457-sec-0014}
------------------------------

Astrocytes were prepared using a protocol which was adapted from previously described methods.[19](#prp2457-bib-0019){ref-type="ref"}, [20](#prp2457-bib-0020){ref-type="ref"}, [26](#prp2457-bib-0026){ref-type="ref"} Briefly, cortical astrocyte cultures were prepared from neonatal Sprague‐Dawley rats (SLC; n = 30) that were sacrificed by decapitation at 0‐24 hours of age and cerebral hemispheres were removed under a dissecting microscope. Tissues were then chopped into fine pieces using scissors and were triturated briefly using a micropipette. Suspensions were filtered using a 70 μm nylon mesh (BD, Franklin Lakes, NJ) and were then centrifuged. Pellets were resuspended and centrifuged three times in 10 mL Dulbecco\'s modified Eagle\'s medium containing 10% fetal calf serum (fDMEM). On day 14 of culture (DIV14), contaminating cells were removed by shaking in a standard incubator for 16 hours at 200 rpm. On DIV21, astrocytes were removed from flasks by trypsinization and were directly seeded onto translucent PET membranes (1.0 μm) in 24‐well plates (BD) at a density of 10^5^ cells cm^−2^ for experiments.[19](#prp2457-bib-0019){ref-type="ref"}, [20](#prp2457-bib-0020){ref-type="ref"}, [26](#prp2457-bib-0026){ref-type="ref"} During DIV21‐DIV28, culture media were changed twice weekly and on DIV28, cultured astrocytes were washed three times using ACSF (wash‐out). The remaining adherent cells comprised 95% GFAP‐positive and A2B5‐negative cells, as detected using immunohistochemical staining.[27](#prp2457-bib-0027){ref-type="ref"}

After wash‐out, astrocytes were incubated in 100 μL of ACSF per translucent PET membrane at 35°C for 60 minutes in a CO~2~ incubator (pretreatment). After pretreatment, astrocytes were incubated in ACSF containing MK801 (1‐30 μmol L^−1^), MEM (0.3‐10 μmol L^−1^), or cysteine (50‐400 μmol L^−1^) for 60 minutes and ACSF was collected for analysis.

2.5. Determination of levels of [l]{.smallcaps}‐glutamate, [d]{.smallcaps}‐serine, and GABA {#prp2457-sec-0015}
-------------------------------------------------------------------------------------------

[l]{.smallcaps}‐glutamate, [d]{.smallcaps}‐serine, and GABA concentrations in MRS and ACSF were determined using UHPLC (xLC3185PU, Jasco) with a fluorescence resonance energy transfer detector (xLC3120FP, Jasco) after dual derivatization with isobutyryl‐[l]{.smallcaps}‐cysteine and o‐phthalaldehyde. Derivative reagent solutions were prepared by dissolving isobutyryl‐[l]{.smallcaps}‐cysteine (2 mg) and o‐phthalaldehyde (1 mg) in 0.1 mL aliquots of ethanol and then adding 0.9 mL of sodium borate buffer (0.2 mol L^−1^, pH 9.0). Automated pre‐column derivatization was performed by drawing up 5 μL aliquots of sample, standard or blank solutions and 5 μL of derivatization reagent solution and holding in reaction vials for 5 min before injection. Derivatized samples (5 μL) were injected using auto sampler (xLC3059AS, Jasco). The analytical column (YMC Triat C18, particle 1.8 μm, 50 × 2.1 mm, YMC, Kyoto, Japan) was maintained at 45°C and the flow rate was set at 500 μL min^−1^. A linear gradient elution program was performed over 10 min with mobile phases A (0.05 mol L^−1^ citrate buffer, pH 5.0) and B (0.05 mol L^−1^ citrate buffer containing 30% acetonitrile and 30% methanol, pH 3.5). Elutes were detected fluorometrically with excitation/emission wavelengths of 280/455 nm. Where possible, sample data were randomized and blinded. In particular, in determinations of extracellular [l]{.smallcaps}‐glutamate, [d]{.smallcaps}‐serine, and GABA levels, samples were set on the auto sampler according to a table of random numbers.

2.6. Determination of diffusion rates of MEM {#prp2457-sec-0016}
--------------------------------------------

To accurately measure MEM concentrations in brain tissue that were perfused into MDTN and mPFC, in vivo probe diffusion was determined according to a reverse dialysis procedure.[28](#prp2457-bib-0028){ref-type="ref"}, [29](#prp2457-bib-0029){ref-type="ref"} Because solute diffusion occurs in both directions across dialysis membranes, loss of solute from the perfusate occurs at the same rate as recovery of the solute into the perfusate. During analyses, the temperature was maintained at 37°C with a perfusion warmer. The probe was set in the warmer chamber, and the MRS containing MEM was perfused into the probe for 180 minutes.

MEM levels were determined using UHPLC (PU‐4185, Jasco, Tokyo, Japan) with a mass spectrometer (Acquity SQ detector, Waters, Milford, MA). Twenty microliter aliquots of filtered samples were injected by the auto sampler and concentrations of MEM were determined using a UHPLC instrument equipped with a Triat C18 (particle 1.8 μm, 50 × 2.1 mm, YMC) column at 40°C, and the mobile phase was set at 500 μL min^−1^ (Acquity UPLC, Waters). A linear gradient elution program was performed over 10 minutes with mobile phases A (0.1% acetate) and B (acetonitrile). Nitrogen flows for desolvation and in the cone were set at 750 and 50 L h^−1^, respectively, and the desolvation temperature was set at 450°C. The cone voltage for determination of MEM (*m*/*z* = 180.3) was 40 V.

The diffusion rate for MEM was calculated as follows: (MEM concentration in pre‐perfusate − MEM concentration in post‐perfusate)/MEM concentration in pre‐perfusate. The loss of MEM from the dialysis probe (internal to external probes) was 10.8% ± 0.8%. Therefore, the estimated concentrations of MEM in extracellular spaces during perfusion with 3 and 10 μmol L^−1^ MEM were 0.3 and 1.1 μmol L^−1^, respectively.

2.7. Statistical analysis {#prp2457-sec-0017}
-------------------------

All experiments were designed equal sizes (N = 6) per groups. The microdialysis study was compared with linear mixed effects model (LME) using SPSS for Windows (ver 25, IBM, Armonk, NY). When the *F*‐value of drug factor was significant, the data were analyzed by Tukey\'s post hoc test using BellCurve for Excel (Social Survey Research Information Co., Ltd., Tokyo, Japan). To represent the statistical significance of drug factor compared with LME and Tukey\'s post hoc test, the data (levels of [l]{.smallcaps}‐glutamate and GABA) were expressed as the area under the curve (AUC~20‐180 min~) values.

Concentration‐dependent effects of MK801 and MEM on Sxc activity of primary cultured astrocytes were analyzed by logistic regression analysis (BellCurve for Excel). The effects of MK801 (10 μmol L^−1^) and MEM (1 μmol L^−1^) on cysteine‐induced astroglial glutamate release were analyzed by two‐way analysis of variance followed by Tukey\'s post hoc tests using BellCurve for Excel.

The data and statistical analysis comply with the recommendations on experimental design and analysis in pharmacology.[30](#prp2457-bib-0030){ref-type="ref"}

3. RESULTS {#prp2457-sec-0018}
==========

3.1. Concentration‐dependent effects of perfusion with MK801 and MEM into the mPFC on extracellular levels of glutamate and GABA in the mPFC (Study‐1) {#prp2457-sec-0019}
------------------------------------------------------------------------------------------------------------------------------------------------------

Perfusion of MK801 (5 and 50 μmol L^−1^) into the mPFC did not affect glutamate levels in the mPFC, whereas MEM (3 and 10 μmol L^−1^) perfusions slightly but significantly increased glutamate levels in the mPFC (mPFC MEM‐induced glutamate rise; Figure [1](#prp2457-fig-0001){ref-type="fig"}A and B). In particular, perfusion of 3 μmol L^−1^ MEM into the mPFC had no effects, whereas that with 10 μmol L^−1^ MEM increased glutamate levels in the mPFC (Figure [1](#prp2457-fig-0001){ref-type="fig"}A and B). In contrast with glutamate, perfusions of MK801 into the mPFC concentration‐dependently decreased extracellular GABA levels in the mPFC (mPFC MK801‐induced GABA reduction), whereas perfusion with MEM had no effects (Figure [1](#prp2457-fig-0001){ref-type="fig"}C and D).

3.2. Concentration‐dependent effects of perfusion with MK801 and MEM into the MDTN on extracellular levels of glutamate and GABA in the MDTN and mPFC {#prp2457-sec-0020}
-----------------------------------------------------------------------------------------------------------------------------------------------------

Perfusion with MK801 (5 and 50 μmol L^−1^) into the MDTN did not affect glutamate levels in the MDTN (Figure [2](#prp2457-fig-0002){ref-type="fig"}A and B), whereas MEM (3 or 10 μmol L^−1^) perfusions concentration‐dependently increased glutamate levels (MDTN MEM‐induced glutamate rise; Figure [2](#prp2457-fig-0002){ref-type="fig"}A and B). In contrast with glutamate, the extracellular GABA level in MDTN was concentration‐dependently decreased by perfusion with MK801 into MDTN (MDTN MK801‐induced GABA reduction; Figure [2](#prp2457-fig-0002){ref-type="fig"}C and D), but was unaffected by perfusion with MEM into MDTN (Figure [2](#prp2457-fig-0002){ref-type="fig"}C and D). Although GABA levels were unaffected by 5 μmol L^−1^ MK801, 50 μmol L^−1^ MK801 decreased GABA levels significantly (*P* \< 0.05; Figure [2](#prp2457-fig-0002){ref-type="fig"}C and D).

Perfusion with MK801 (5 and 50 μmol L^−1^) into the MDTN concentration‐dependently increased extracellular glutamate level in the mPFC (mPFC MK801‐induced glutamate rise; Figure [2](#prp2457-fig-0002){ref-type="fig"}C and D), whereas perfusion with MEM (3 or 10 μmol L^−1^) into MDTN had no effects (Figure [2](#prp2457-fig-0002){ref-type="fig"}E and F). Again, although MK801 was ineffective at 5 μmol L^−1^, 50 μmol L^−1^ MK801 increased glutamate levels significantly (*P *\<* *0.05; Figure [2](#prp2457-fig-0002){ref-type="fig"}C and D). In contrast with glutamate, perfusions of MK801 or MEM did not affect extracellular GABA level in the mPFC (Figure [2](#prp2457-fig-0002){ref-type="fig"}G and H).

3.3. Roles of Sxc, II‐mGluR, III‐mGluR, and GABA~A~ receptor in the MDTN on mPFC MK801‐induced glutamate rise and MDTN MK801‐induced GABA reduction {#prp2457-sec-0021}
---------------------------------------------------------------------------------------------------------------------------------------------------

Perfusion with MK801 into MDTN increased the extracellular glutamate level in the mPFC (mPFC MK801‐induced glutamate rise), and these were reduced by perfusions with 1 mmol L^−1^ NAC (cysteine prodrug) and 1 μmol L^−1^ MUS (GABA~A~ receptor agonist) into the MDTN, whereas neither CPG (1 μmol L^−1^; Sxc inhibitor), LY341495 (1 μmol L^−1^; II‐mGluR antagonist) nor CPPG (100 μmol L^−1^; III‐mGluR antagonist) affected mPFC MK801‐induced glutamate rise (Figure [3](#prp2457-fig-0003){ref-type="fig"}A and B).

Neither perfusions with MK801 (50 μmol L^−1^), CPG (1 μmol L^−1^), LY341495 (1 μmol L^−1^), CPPG (100 μmol L^−1^) nor MUS (1 μmol L^−1^) into the MDTN affected glutamate levels in the MDTN, whereas perfusion with NAC (1 mmol L^−1^) into the MDTN increased basal glutamate levels in the MDTN (*P *\<* *0.05; Figure [3](#prp2457-fig-0003){ref-type="fig"}C and D).

Perfusion with MK801 into MDTN decreased the extracellular GABA level in the MDTN (MDTN MK801‐induced GABA reduction), and these were not affected by perfusions with NAC (1 mmol L^−1^), CPG (1 μmol L^−1^), LY341495 (1 μmol L^−1^), CPPG (100 μmol L^−1^), or NAC (1 μmol L^−1^) into the MDTN (Figure [3](#prp2457-fig-0003){ref-type="fig"}E and F).

3.4. Effects of Sxc, II‐mGluR, III‐mGluR, and GABA~A~ receptor in the mPFC on mPFC MK801‐induced glutamate rise {#prp2457-sec-0022}
---------------------------------------------------------------------------------------------------------------

The extracellular glutamate level was induced by perfusion with 50 μmol L^−1^ MK801 into MDTN (mPFC MK801‐induced glutamate rise). mPFC MK801‐induced glutamate rise was reduced by perfusion with NAC (1 mmol L^−1^) into mPFC, whereas neither perfusion with CPG (1 μmol L^−1^), LY341495 (1 μmol L^−1^), CPPG (100 μmol L^−1^) nor MUS (1 μmol L^−1^) into mPFC affected mPFC MK801‐induced glutamate rise (Figure [4](#prp2457-fig-0004){ref-type="fig"}A and B).

3.5. Effects of Sxc, II‐mGluR, III‐mGluR, and GABA~A~ receptor in the MDTN on MEM‐induced changes in glutamate and GABA releases in the MDTN {#prp2457-sec-0023}
--------------------------------------------------------------------------------------------------------------------------------------------

Neither perfusion with LY341495 (1 μmol L^−1^), CPPG (100 μmol L^−1^) nor MUS (1 μmol L^−1^) into MDTN affected MDTN MEM‐induced glutamate rise, whereas perfusion with NAC (1 mmol L^−1^) and CPG (1 μmol L^−1^) increased and decreased MDTN MEM‐induced glutamate rise, respectively (Figure [5](#prp2457-fig-0005){ref-type="fig"}A and B). Contrary to glutamate, neither perfusion with MEM, NAC, CPG, LY341495, CPPG, or MUS into MDTN affected GABA level in MDTN (Figure [5](#prp2457-fig-0005){ref-type="fig"}C and D).

3.6. Effects of Sxc, II‐mGluR, III‐mGluR, and GABA~A~ receptor in the mPFC on mPFC MEM‐induced glutamate rise {#prp2457-sec-0024}
-------------------------------------------------------------------------------------------------------------

Perfusion with NAC (1 mmol L^−1^) into mPFC increased extracellular glutamate level in mPFC, whereas neither perfusion with CPG (1 μmol L^−1^), LY341495 (1 μmol L^−1^), CPPG (100 μmol L^−1^) nor MUS (1 μmol L^−1^) into mPFC affected glutamate level in mPFC (Figure [6](#prp2457-fig-0006){ref-type="fig"}A and B). Neither perfusion with LY341495 (1 μmol L^−1^), CPPG (100 μmol L^−1^) nor MUS (1 μmol L^−1^) into mPFC affected mPFC MEM‐induced glutamate rise, whereas perfusion with NAC (1 mmol L^−1^) and CPG (1 μmol L^−1^) increased and decreased mPFC MEM‐induced glutamate rise, respectively (Figure [6](#prp2457-fig-0006){ref-type="fig"}A and B).

3.7. Interaction between perfusion with MEM and inhibitors of Sxc, II‐mGluR, and III‐mGluR into the MDTN on mPFC MK801‐induced glutamate rise and MDTN MK801‐induced GABA reduction {#prp2457-sec-0025}
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Perfusion with MEM (10 μmol L^−1^) into MDTN reduced mPFC MK801‐induced glutamate rise (Figure [7](#prp2457-fig-0007){ref-type="fig"}A and B). Both perfusions with CPG (1 μmol L^−1^) and LY341495 (1 μmol L^−1^) prevented the inhibitory effect of MEM on mPFC MK801‐induced glutamate rise, whereas perfusion with CPPG (100 μmol L^−1^) into MDTN did not affect (Figure [7](#prp2457-fig-0007){ref-type="fig"}A and B). MDTN MK801‐induced GABA reduction was not affected by perfusion with MEM, CPG, LY341495, or CPPG into the MDTN (Figure [7](#prp2457-fig-0007){ref-type="fig"}C and D).

3.8. Interaction between perfusion with MEM and inhibitors of Sxc, II‐mGluR, and III‐mGluR into mPFC on mPFC MK801‐induced glutamate rise {#prp2457-sec-0026}
-----------------------------------------------------------------------------------------------------------------------------------------

Perfusion with MEM (10 μmol L^−1^) into the mPFC reduced mPFC MK801‐induced glutamate rise (Figure [8](#prp2457-fig-0008){ref-type="fig"}A and B). Perfusions with CPG (1 μmol L^−1^), LY341495 (1 μmol L^−1^), and CPPG (100 μmol L^−1^) prevented the inhibitory effect of MEM on mPFC MK801‐induced glutamate rise (Figure [8](#prp2457-fig-0008){ref-type="fig"}A and B).

3.9. Sxc activity assay using primary cultured astrocytes {#prp2457-sec-0027}
---------------------------------------------------------

Cysteine concentration‐dependently increased glutamate release from primary cultured astrocytes but did not affect [d]{.smallcaps}‐serine release (Figure [9](#prp2457-fig-0009){ref-type="fig"}A). MEM (1 μmol L^−1^) enhanced cysteine‐induced glutamate release from primary cultured astrocytes (Sxc activity), whereas MK801(10 μmol L^−1^) did not affect Sxc activity (Figure [9](#prp2457-fig-0009){ref-type="fig"}A). Moreover, Sxc activity (100 μmol L^−1^ cysteine‐induced astroglial glutamate release) was concentration‐dependently enhanced by MEM (0.3‐10 μmol L^−1^), but no effects of MK801 were observed under these conditions (Figure [9](#prp2457-fig-0009){ref-type="fig"}B).

![A, indicates the concentration‐dependent effects of cysteine (0‐400 μmol L^−1^) on releases of glutamate and [d]{.smallcaps}‐serine, and the effects of MK801 (10 μmol L^−1^) and MEM (1 μmol L^−1^) on concentration‐dependent effects of cysteine on glutamate release from primary cultured astrocytes. Ordinate in (A): mean ± SD (n = 6) of extracellular levels of [l]{.smallcaps}‐glutamate and [d]{.smallcaps}‐serine (μmol L^−1^), abscissa: concentration of cysteine. \**P *\<* *0.05; relative to MK801 free or MEM free by LME with Tukey\'s post hoc test. B, indicates concentration‐dependent effects of MK801 (1‐30 μmol L^−1^) and MEM (0.3‐10 μmol L^−1^) on 100 μmol L^−1^ cysteine‐induced glutamate release from primary cultured astrocytes (Sxc activity). Ordinate in (B): mean ± SD (n = 6) of extracellular levels of [l]{.smallcaps}‐glutamate (μmol L^−1^), abscissa: concentration of MK801 or MEM (μmol L^−1^). 100 μmol L^−1^ cysteine‐induced astroglial glutamate release was concentration‐dependently enhanced by MEM (Logistic regression)](PRP2-7-e00457-g009){#prp2457-fig-0009}

4. DISCUSSION AND CONCLUSIONS {#prp2457-sec-0028}
=============================

4.1. Effects of MK801 on thalamocortical glutamatergic transmission {#prp2457-sec-0029}
-------------------------------------------------------------------

Several microdialysis studies show that systemic administration of the noncompetitive NMDAR antagonists phencyclidine, ketamine, and MK801 increased glutamate release in the mPFC.[23](#prp2457-bib-0023){ref-type="ref"}, [31](#prp2457-bib-0031){ref-type="ref"}, [32](#prp2457-bib-0032){ref-type="ref"}, [33](#prp2457-bib-0033){ref-type="ref"} However, local administration of MK801 into the mPFC did not affect glutamate levels in the mPFC.[19](#prp2457-bib-0019){ref-type="ref"}, [23](#prp2457-bib-0023){ref-type="ref"}, [29](#prp2457-bib-0029){ref-type="ref"}, [34](#prp2457-bib-0034){ref-type="ref"}, [35](#prp2457-bib-0035){ref-type="ref"}, [36](#prp2457-bib-0036){ref-type="ref"} In contrast with observations in the mPFC, inhibition of NMDAR in the MDTN induced by local administration of MK801 into the MDTN increased glutamate release in the mPFC (mPFC MK801‐induced glutamate rise).[23](#prp2457-bib-0023){ref-type="ref"} The present study showed that perfusion of MK801 into the MDTN also increased glutamate release from the mPFC without affecting that in the MDTN. These results suggest that the major mechanisms of systemic NMDAR antagonist‐induced glutamate release in the mPFC are generated by enhanced thalamocortical glutamatergic transmission outside of the mPFC.[23](#prp2457-bib-0023){ref-type="ref"}

Glutamatergic neurons in the MDTN, which receive GABAergic terminals from the reticular thalamic nucleus (RTN) and other MDTN regions, project to superficial layers in the frontal cortex.[37](#prp2457-bib-0037){ref-type="ref"}, [38](#prp2457-bib-0038){ref-type="ref"}, [39](#prp2457-bib-0039){ref-type="ref"} Moreover, thalamocortical glutamatergic terminals activate catecholaminergic terminals, but do not make contact with cortical GABAergic neurons.[35](#prp2457-bib-0035){ref-type="ref"}, [36](#prp2457-bib-0036){ref-type="ref"} However, a large proportion of the GABAergic neurons in the frontal cortex are regulated by excitatory glutamatergic transmission from other cortical regions via activation of NMDAR.[23](#prp2457-bib-0023){ref-type="ref"}, [35](#prp2457-bib-0035){ref-type="ref"}, [40](#prp2457-bib-0040){ref-type="ref"}, [41](#prp2457-bib-0041){ref-type="ref"} Given these anatomical observations, we characterized the mechanisms of systemic MK801‐induced glutamate release in the mPFC by determining the effects of MK801 perfusions into the MDTM and the mPFC on GABA release from both regions. The resulting data do not contradict our hypothesis that perfusion with MK801 into the MDTN and the mPFC decreases GABA levels in the MDTN (MDTN MK801‐induced GABA reduction) and the mPFC, respectively. Furthermore, mPFC MK801‐induced glutamate rise was inhibited by perfusions with MUS (GABA~A~ receptor agonist) into the MDTN, but were not affected by perfusions of MUS into the mPFC. Therefore, the present data indicate that the induction of glutamate release by systemic MK801 administration follows activation of the thalamocortical glutamatergic pathway via thalamic GABAergic disinhibition by NMDAR antagonism in the MDTN.

The IC~50~ of MK801 for NMDAR ranges from 5 to 50 nmol L^−1^.[42](#prp2457-bib-0042){ref-type="ref"} Differences in effective concentrations (IC~50~ values) of MK801 between in vitro and in vivo microdialysis experiments suggest that the generator region of MK801‐induced glutamate release in the mPFC includes the MDTN and other thalamic regions around the MDTN, such as the RTN. In further studies, we will determine the effects of local MK801 treatments of the RTN on thalamocortical (from MDTN to frontal cortex) glutamatergic transmission.

Herein, we also identified GABA‐independent regulatory mechanisms of thalamocortical (from MDTN to mPFC) glutamatergic transmission. Recent experiments show MK801‐induced glutamate increases in the mPFC induced by perfusion with NAC into the MDTN and the mPFC through activation of II‐GluR in the MDTN and II‐mGluR/III‐mGluR in the mPFC [23](#prp2457-bib-0023){ref-type="ref"} (Figure [10](#prp2457-fig-0010){ref-type="fig"}). Although perfusion of the cysteine prodrug NAC into the MDTN increased extracellular glutamate levels without affecting GABA release in the MDTN, mPFC MK801‐induced glutamate rise was inhibited by perfusion of NAC into the MDTN and the mPFC. In contrast, perfusions of CPG (Sxc inhibitor), LY341495 (II‐mGluR antagonist), and CPPG (III‐mGluR antagonist) into the MDTN and the mPFC did not affect mPFC MK801‐induced glutamate rise. Taken together with our previous data,[23](#prp2457-bib-0023){ref-type="ref"} the present observations of astroglial glutamate release from Sxc indicate phasic attenuation of thalamocortical glutamatergic transmission in the MDTN and the mPFC.

![Our proposed hypothesis for the extended neural circuitry involved in thalamocortical (from MDTN to mPFC) glutamatergic transmission. MK801 inhibits tonically active NMDAR (red squares) on GABAergic neurons (blue hexagon) in MDTN and probably RTN, which project to MDTN glutamatergic neurons (red circle). Inhibition of NMDAR in GABAergic neurons leads to disinhibition of MDTN glutamatergic neurons. The GABAergic disinhibition activates MDTN glutamatergic neuronal activity resulting in an increase in glutamate release in the mPFC. II‐mGluRs (green wave) in both the MDTN and mPFC are activated by glial‐released [l]{.smallcaps}‐glutamate through astroglial Sxc (gray ellipse). Activation of extra‐synaptic II‐mGluRs in the MDTN and mPFC results in the inhibition of MDTN glutamatergic projection. Activated III‐mGluR (blown wave) in the mPFC presynaptically inhibits the activity of MDTN glutamatergic projection. MEM activates Sxc in the MDTN and mPFC. The stimulatory effects of MEM on Sxc attenuate the hyperactivation of thalamocortical glutamatergic transmission induced by MK801](PRP2-7-e00457-g010){#prp2457-fig-0010}

4.2. Effects of MEM on thalamocortical glutamatergic transmission {#prp2457-sec-0030}
-----------------------------------------------------------------

Levels of MEM in the CNS are similar to those in plasma,[43](#prp2457-bib-0043){ref-type="ref"} and the therapeutically relevant plasma concentration of MEM is considered to be around 1 μmol L^−1^.[9](#prp2457-bib-0009){ref-type="ref"}, [44](#prp2457-bib-0044){ref-type="ref"} Several preclinical studies suggest that the affinity of MEM is at or below the very low μmol L^−1^ range, warranting consideration as a potential therapeutic target. MEM also inhibited NMDAR in previous studies, with IC~50~ values of 0.3 to 0.9 μmol L^−1^.[45](#prp2457-bib-0045){ref-type="ref"} Therefore, perfusions with 3 and 10 μmol L^−1^ MEM, according to estimated extracellular and intracellular MEM concentrations of 0.3 and 1.1 μmol L^−1^, respectively, were around the IC~50~ value for NMDAR and were within the therapeutic range.

In this study, perfusion with MEM into the mPFC and the MDTN increased glutamate release without affecting GABA release in the same regions, resembling the effects of NAC. Additionally, perfusion with MEM into the MDTN did not affect levels of glutamate or GABA in the mPFC, strongly indicating that the effects of therapeutically relevant concentrations of MEM on thalamocortical glutamatergic transmission are modulated by diverse mechanisms of NMDAR, rather than by Sxc‐associated mechanisms. Accordingly, in vitro studies using primary cultured astrocytes demonstrated that MEM activates astroglial Sxc, with concentration‐dependent increases in cysteine‐induced astroglial glutamate release from primary cultured astrocytes.

Both MDTN MEM‐induced glutamate rise (increased MDTN glutamate level by perfusion with MEM into MDTN) and mPFC MEM‐induced glutamate rise (increased mPFC glutamate level by perfusion with MEM into mPFC) were inhibited and enhanced by perfusions with CPG (Sxc inhibitor) and NAC (Sxc activator), respectively, but were not affected by LY341495 (II‐mGluR antagonist), CPPG (III‐mGluR antagonist), or MUS (GABA~A~ receptor agonist). These results also support pharmacological data showing that MEM directly enhances Sxc activity in the MDTN and the mPFC, resulting in increases in extra‐synaptic glutamate release.

Perfusions with MEM into the MDTN inhibited mPFC MK801‐induced glutamate rise without affecting MDTN MK801‐induced GABA reduction, similar to the effects of NAC. In the MDTN, the inhibitory effects of MEM perfusions into the MDTN on mPFC MK801‐induced glutamate rise were inhibited by perfusions with CPG and LY341495, but were not by perfusion with CPPG into the MDTN. However, in the mPFC, the inhibitory effects of MEM perfusions into mPFC on mPFC MK801‐induced glutamate rise were antagonized by CPG, LY341495, and CPPG. Hence, MEM may enhance Sxc activities in the MDTN and the mPFC, although the inhibitory mechanisms of MEM differ between these brain regions.[23](#prp2457-bib-0023){ref-type="ref"} Specifically, exported glutamate release from astroglial Sxc in the MDTN and the mPFC enhances respective somato‐dendritic II‐mGluR in the MDTN[46](#prp2457-bib-0046){ref-type="ref"} and presynaptic II‐mGluR and III‐mGluR.[23](#prp2457-bib-0023){ref-type="ref"} II‐mGluR, which includes mGlu2R and mGlu3R, is widely expressed in brain tissues and inhibits the release of neurotransmitters.[47](#prp2457-bib-0047){ref-type="ref"} Although mGlu3R is expressed in pre‐ and postsynaptic astroglial regions, mGlu2R is localized in the extra‐synaptically axonal presynaptic terminal region.[47](#prp2457-bib-0047){ref-type="ref"} III‐mGluR, which includes mGlu4R, mGlu7R, and mGlu8R, is mainly expressed in excitatory presynaptic synapses, and mGlu6R is primarily expressed in the retina.[47](#prp2457-bib-0047){ref-type="ref"} Activation of mGlu7R and mGluR8R suppresses thalamocortical transmission.[48](#prp2457-bib-0048){ref-type="ref"} Therefore, the thalamocortical glutamatergic pathway receives two independent extra‐synaptically inhibitory regulation mechanisms, and these are associated with Sxc/mGluR in the MDTN (Sxc/II‐mGluR) and the mPFC (Sxc/II‐mGluR/III‐mGluR).

4.3. Candidate mechanisms of MEM {#prp2457-sec-0031}
--------------------------------

Systemic administration of the noncompetitive NMDAR antagonists phencyclidine,[31](#prp2457-bib-0031){ref-type="ref"} ketamine,[33](#prp2457-bib-0033){ref-type="ref"} and MK801[32](#prp2457-bib-0032){ref-type="ref"} increases glutamate release in the mPFC. In contrast with the conditions of systemic administration, local administrations with the noncompetitive NMDAR antagonists MK801[19](#prp2457-bib-0019){ref-type="ref"}, [32](#prp2457-bib-0032){ref-type="ref"}, [35](#prp2457-bib-0035){ref-type="ref"}, [36](#prp2457-bib-0036){ref-type="ref"}, [49](#prp2457-bib-0049){ref-type="ref"}, [50](#prp2457-bib-0050){ref-type="ref"} and ketamine[33](#prp2457-bib-0033){ref-type="ref"} into the mPFC did not affect mPFC glutamate release. However, local administration of the competitive NMDAR antagonist 3‐(2‐carboxypiperazin‐4‐yl)‐propyl‐1‐phosphonic‐acid into the mPFC increased glutamate release in the mPFC.[51](#prp2457-bib-0051){ref-type="ref"} The present study fails to indicate the mechanisms behind discrepancies between the effects of perfusions with competitive and noncompetitive NMDAR antagonists into the mPFC on glutamate release in the mPFC. NMDAR forms hetero‐tetrameric complexes comprising two obligatory NR1 and NR2 subunits that include the proteins NR2A, NR2B, NR2C, and NR2D.[52](#prp2457-bib-0052){ref-type="ref"} The agents 3‐(2‐carboxypiperazin‐4‐yl)‐propyl‐1‐phosphonic‐acid, phencyclidine, ketamine, and MK801 have affinity for NR2A, NR2B, NR2C, and NR2D subunits. 3‐(2‐carboxypiperazin‐4‐yl)‐propyl‐1‐phosphonic‐acid has higher affinity for NR2B than for the other NR2 subunits, whereas phencyclidine, ketamine, and MK801 have higher affinity for NR2C than for other NR2 subunits.[52](#prp2457-bib-0052){ref-type="ref"} A previous behavior study demonstrated that phencyclidine and MK801 fully emulate the discriminative stimulatory effects of ketamine, but neither 3‐(2‐carboxypiperazin‐4‐yl)‐propyl‐1‐phosphonic‐acid nor ifenprodil, which is a NR2B‐containing NMDAR antagonist, have similar activities to that of ketamine.[53](#prp2457-bib-0053){ref-type="ref"} Considered with the studies described above, inhibition of NR2B containing NMDAR in the mPFC may enhance glutamate release from the mPFC, but may not play important roles in phencyclidine‐induced psychosis. We show herein that perfusion with MK801 into the MDTN, but not into the mPFC, concentration‐dependently increases glutamate release in the mPFC, suggesting that the MDTN is a primary site for the actions of NMDAR antagonists that contribute to the diverse symptoms of schizophrenia.

Traditionally, NMDAR agonists and antagonists were thought to contribute to cognitive impairments. In rodent models, surgical and neurotoxic MDTN lesion studies emphasize the roles of MDTN in cognitive deficits. Several other studies also show that MDTN lesions from microinjections of NMDA disrupted cognitive components.[54](#prp2457-bib-0054){ref-type="ref"}, [55](#prp2457-bib-0055){ref-type="ref"} Although we failed to decipher the contradictive mechanisms between cognitive dysfunctions of NMDAR agonists and antagonists, opposing actions of MK801 (cognitive impairment inducer) and MEM (cognitive improvement inducer) on thalamocortical glutamatergic transmission suggest that hyperactivation of thalamocortical glutamatergic transmission by NMDAR antagonists causes the release of toxic extracellular glutamate levels in the mPFC,[35](#prp2457-bib-0035){ref-type="ref"}, [36](#prp2457-bib-0036){ref-type="ref"} and thus hyperactivated AMPA/glutamate receptors may disrupt the thalamocortical glutamatergic pathway. We suggest that protective actions of MEM are mediated by inhibition of NMDAR and activation of Sxc and play important roles in the positive cognitive effects of MEM.

Sxc exchanges extracellular cystine and intracellular glutamate across plasma membranes, and mediates a wide range CNS functions.[12](#prp2457-bib-0012){ref-type="ref"} The import of cystine through Sxc produces glutathione as a precursor,[12](#prp2457-bib-0012){ref-type="ref"} and exported glutamate plays important roles in extra‐synaptic transmission.[23](#prp2457-bib-0023){ref-type="ref"}, [46](#prp2457-bib-0046){ref-type="ref"} Several clinical studies show that NAC ameliorates cognitive dysfunctions in patients with early stage Alzheimer\'s disease,[56](#prp2457-bib-0056){ref-type="ref"} severe schizophrenia, and bipolar disorder.[57](#prp2457-bib-0057){ref-type="ref"} Preclinical studies also demonstrate that behavioral deficits in rat phencyclidine models are addressed by NAC treatments.[31](#prp2457-bib-0031){ref-type="ref"} The present experiments indicate dual actions of MEM in the MDTN, with weak inhibition of NMDAR activity and enhancement of Sxc activity (exported glutamate release) leading to activation of inhibitory II‐mGluR. In terms of the effects of MEM on thalamocortical glutamatergic transmission, activation of Sxc/II‐mGluR in the MDTN was more predominant than NMDAR/GABAergic disinhibition. Thus, MEM inhibited MK801‐induced glutamate increases in the mPFC. Additionally, Sxc‐exported glutamate release was induced by MEM and inhibited mPFC MK801‐induced increases in glutamate levels by activating II‐mGluR and III‐mGluR. Therefore, the present study suggests that stimulatory effects of MEM on astroglial Sxc contribute to neuroprotective actions and the positive effects of MEM on cognition.

5. CONCLUSIONS AND IMPLICATIONS {#prp2457-sec-0032}
===============================

The present study demonstrates dual independent regulatory mechanisms of thalamocortical glutamatergic transmission. In particular, inhibition of NMDAR in the MDTN activated thalamocortical glutamatergic transmission via disinhibiting GABAergic signaling in the MDTN. In contrast with NMDAR, exported glutamate release from astroglial Sxc activates inhibitory II‐mGluR in the MDTN, and II‐mGluR and III‐mGluR in the mPFC. Therapeutically relevant concentrations of MEM cannot prevent inhibition of GABAergic signaling, but stimulatory effects of MEM on Sxc activity abolished hyperactivated thalamocortical glutamatergic transmission following disinhibition by NMDAR/GABAergic pathways. Therapeutically relevant concentration of MEM activates Sxc more than they inhibit NMDAR. Yet the combination of MEM actions, with reduced NMDAR and activated Sxc activities, contributes to the neuroprotective effects of MEM. Furthermore, predominantly activated Sxc likely compensates for the cognitive impairments that are induced by hyperactivation of thalamocortical glutamatergic transmission, following activation of functional complexes, Sxc/II‐mGluR in MDTN and Sxc/II‐mGluR/III‐mGluR in mPFC.
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